The function of the hepatic artery has been extensively studied in animals (1) (2) (3) (4) (5) . Great differences have been found from one species to another (6, 7) , and our knowledge of the significance of the arterial blood supply to the human liver is limited mainly to observations of the late effect of occlusion of the hepatic artery (8) or of the portal vein (9, 10) . As these events are followed by compensatory changes in the hepatic circulation (11, 12) , no definite conclusions regarding the physiological role of the hepatic artery can be made on this basis. It might be expected that acute, transitory interruption of the blood flow through the hepatic artery minimizes this compensation and thus gives a clearer picture of the function of the artery.
METHODS
The eight patients of this study were premedicated in the ward with morphine and atropine, and transferred to the catheterization room, where a Cournand catheter was introduced via a left antecubital vein into one of the major right hepatic veins, and a small polyethylene tube was inserted percutaneously into the left femoral artery. The patient was then taken to the operating theater, where anesthesia (barbiturate, muscle relaxant, and nitrous oxide-oxygen with intubation) was given. Soon afterward an intravenous infusion of sulfobromophthalein (BSP) was started, after a priming dose of 150 mg. The time of this injection was used as reference time.
Immediately after the opening of the peritoneal cavity the hepatic artery was isolated, a clamp was loosely placed around the hepatic artery proper distal to the gastroduodenal and right gastric branches, and a catheter was introduced into the portal vein through a vein in the mesocolon. After these procedures the field was covered, and no further intraperitoneal manipulations were performed during the study. When the determinations of the control period were completed, the clamp on the hepatic artery was closed, and a second series of determinations was performed during the clamping period which lasted on the average 24 minutes.
All three catheters were connected to stopcocks outside the field and regularly flushed with saline containing heparin. Blood samples were drawn simultaneously from the catheters into heparinized syringes after the first 10 ml had been discarded.
In each period five samples (average) were drawn for the determination of BSP concentrations by method I of Winkler, Tygstrup and Munkner (13) . In the middle of each period or, in five cases, twice during the clamping period, blood was drawn for the determination of oxygen tension [polarographic method, (14) ], oxygen saturation (reflectometry), hemoglobin concentration, hematocrit, serum glutamic-oxalacetic acid transaminase, serum glutamic-pyruvic acid transaminase, lactic acid dehydrogenase, carbon dioxide tension, and pH (15) . The oxygen content was calculated from the saturation and the oxygen capacity (derived from the hemoglobin concentration), and the oxygen tension. An average of 400 ml of blood was drawn for these determinations, and the loss was replaced with bank blood during the sampling.
In six cases the pressure was measured in the hepatic vein, portal vein, and femoral artery in each period by means of a Tybjaerg Hansen condenser manometer, the mid-axillary line used as zero.
Calculations. flow, but the range was very wide (see Table II ). mesenteric blood flow of about 10 per cent during The fall in the hepatic venous blood flow during the clamping. The difference, however, is not the clamping of the, hepatic artery differed sub-statistically significant (p > 0.10).
stantially in several cases from the calculated The amount of oxygen supplied to the liver by hepatic arterial blood flow; on the average the the hepatic artery is roughly proportional to the former was greater-42 per cent of the hepatic hepatic arterial blood flow and averages approxivenous blood flow, suggesting an average fall of mately 50 per cent of the hepatic oxygen consump- tion. The mesenteric oxygen consumption is on thesia; but no great variations occurred. The the average 34 per cent of the total splanchnic oxygen tension in the hepatic veins was signifioxygen consumption. The average reduction in cantly reduced during the clamping of the artery. splanchnic oxygen consumption (10 per cent) The BSP infusion rates and plasma concentraduring the clamping of the hepatic artery is not tions are shown in Table IV . The infusion rates statistically significant.
were kept comparatively low in order to avoid too The repeated determinations performed during steeply rising concentrations during the clamping. the clamping period in five patients showed no There was no significant difference between the consistent variation in hepatic and portal oxygen concentrations of arterial and portal venous blood. extraction.
The level in serum of transaminases and lactic The arterial oxygen tension, shown in Table acid dehydrogenase showed only small and insig-III, depended largely on the anesthesia; it varied nificant changes during the operations. In Pagreatly from case to case, but in each particular tient 4 the serum transaminases increased to ten patient it was fairly constant during the study. times the normal value on the first postoperative The arterial carbon dioxide tension was uniformly day, gradually declining toward normal values in low (on an average 24 mm Hg, SD 5 mm), and the course of the following week. the arterial pH correspondingly high (7.55, SD Table V demonstrates the pressure readings 0.06), owing to hyperventilation during the anes-and the calculated vascular resistances. (17) . Some of these may be increased when large changes in flow take place; also, determination of the splanchnic oxygen consumption may be influenced by regional variations in the hepatic extraction of oxygen.
The calculations used for determination of mesenteric and hepatic arterial blood flow, mesenteric oxygen consumption, and hepatic arterial oxygen supply are interdependent, and errors involving one of these values may affect the others. The main assumptions are: 1) the mesenteric oxygen consumption is unaffected by the clamping of the hepatic artery proper; 2) hepatic venous blood flow during the clamping period equals the mesenteric blood flow in this period; 3) blood obtained from the catheter in the portal vein is representative, as regards oxygen content, of mixed portal venous blood.
The first assumption cannot be tested without measurements of mesenteric blood flow by other methods. The second is probably not correct, since arterial blood may reach the liver by routes other than the hepatic artery proper (18, 19) . Since this accessory hepatic arterial blood flow contributes to the hepatic venous blood flow, which during the clamping period is registered as mesenteric blood flow, the latter will be overestimated and the hepatic arterial blood flow and oxygen supply correspondingly underestimated. If the arterial anastomoses dilate immediately after the clamping of the hepatic artery proper, this error is exaggerated. Collateral flow between the portal bed and systemic veins does not influence the determination of the hepatic arterial blood flow unless it changes during the clamping period. It is not registered as mesenteric flow with the method used and is probably insignificant in patients without portal hypertension. If the interruption of the hepatic arterial flow is made proximal to the hepatic artery proper, the decrease in flow may be smaller, since many collaterals reach the hepatic artery at that level (20) .
Determination of the oxygen content of portal blood may be erroneous for two reasons: the flow in the portal vein at the site of collection is probably laminar, and the portal blood may therefore not be homogenous as regards oxygen content. This error will influence the calculation of the mesenteric and hepatic oxygen consumption but, provided the error is the same during the control and the clamping periods, it will affect the calculated mesenteric blood flow only to a minor degree, since the error affects the numerator and the denominator of the equation similarly. The constancy of the mesenteric oxygen consumption during the clamping period in patients with two determinations (Table I) indicates that the difference between the portal oxygen content in the control and in the clamping period is not due to sampling error; in other words, the portal venous blood flow may change when the hepatic artery is clamped.
The chief limitation of the present method for the determination of hepatic arterial blood flow therefore lies in the assumption of a constant mesenteric oxygen consumption; its main potential error is that it disregards accessory arterial blood supply to the liver. For these reasons the values stated for arterial blood flow must be considered minimal values.
Hepatic arterial blood flow has been determined indirectly by Myers (21) in patients with cirrhosis of the liver, from whom portal blood could be obtained by puncturing dilated subcutaneous abdominal veins. In three patients it amounted to 25, 25, and 75 per cent of the hepatic blood flow. Apart from this study, determinations of the arterial blood flow to the human liver have been confined to postmortem perfusion studies (22) which indicate that 30 per cent of the blood flow of the normal liver is derived from the artery.
In cats and dogs the hepatic arterial blood flow is between 15 and 40 per cent of the total liver blood flow, irrespective of the method used [mostly thermostromuhr or reduction in total flow after clamping the hepatic artery (1-4, [23] [24] [25] [26] ]. Our average figure for hepatic arterial blood flow is close to the upper limit of this range, but individual variations are very great, in the animal experiments as well as in our patients.
The fall in hepatic venous blood flow during the clamping period is on the average close to the calculated hepatic arterial blood flow, whereas the correlation between them is low (r = + 0.3). This indicates that mesenteric blood flow (or accessory hepatic arterial blood flow, or both) in some cases increases and in others decreases when the hepatic artery proper is clamped; but on the average it decreases slightly, the oxygen consumption of the liver being maintained by means of the increased hepatic extraction of oxygen. In Patients 1 and 2 the oxygen tension of hepatic venous blood was reduced to less than 20 mm Hg. This indicates that hypoxic damage to the liver may be impending, but the fact that the serum transaminases did not rise in these cases is evidence against injurious tissue anoxia.
The mesenteric oxygen consumption amounts to about one-third of the total splanchnic oxygen consumption and therefore must be taken into account when the hepatic oxygen metabolism is studied by liver-vein catheterization. The value is greater than that assessed in the studies of Smythe, Fitzpatrick and Blakemore (27) and Bierman, White, Kelly and Steinbach (28), mainly because the arterioportal venous oxygen difference was greater in our patients.
The rise in the arterial concentration of BSP observed in most cases during the clamping period may be caused by reduced ability of the liver to eliminate the dye when hepatic arterial blood flow is cut off, but as the extraction percentage simultaneously rose from an average of 22 to an average of 28, it is more likely to be an effect of the reduced hepatic blood flow.
The average pressure in the femoral artery and the hepatic and portal veins remained constant, but in Patients 6 and 7 a definite rise in portal pressure occurred on clamping the hepatic artery and was followed by a decrease when the clamp was removed. Our results confirm that the transhepatic resistance is only a few per cent of the total splanchnic vascular resistance.
Conclusions. From the present studies it is concluded that the main function of the hepatic artery in man is to supply the liver with sufficient oxygen to compensate the relatively low oxygen content of the blood reaching it through the portal vein. Under the conditions studied, the oxygen requirements of the liver were apparently satisfied by the portal blood during the clamping of the hepatic artery, at the expense of a greater desaturation of the hepatic venous blood. If, however, under certain conditions the oxygen requirements of the liver rise, or the oxygen saturation of the portal venous blood falls owing to an increased mesenteric oxygen consumption [e.g., during absorption (27) It is not possible from the present study to evaluate the late sequelae of ligation of the hepatic artery in man. The great individual variation in hepatic arterial blood flow found in our patients may, however, explain why the artery in some cases may be ligated without noticeable influence on the liver (34), while in other cases it is fatal (8) . In the present short-term experiments the clamping of the hepatic artery in all cases seemed to be harmless.
SUMMARY
In eight patients the hepatic artery proper was clamped for an average of 24 minutes during laparotomy. Hepatic arterial blood flow was calculated from hepatic venous blood flow (sulfobromophthalein method) and determination of hepatic and mesenteric oxygen consumption. This calculation implies a number of assumptions which are discussed in the text. The values of hepatic arterial blood flow given are presumably minimal, but apart from this the large scatter of the results may in part be due to methodological errors.
It was found that on an average: 1) the hepatic arterial blood flow was 35 per cent (9 to 65 per cent) of the hepatic venous blood flow; 2) the hepatic artery supplied 50 per cent of the hepatic oxygen consumption; 3) the hepatic oxygen consumption was unchanged during the clamping; 4) the extraction percentage of sulfobromophthalein increased, and there was no significant release of transaminases during the clamping (the liver function was therefore assumed to be unaffected); 5) in two patients the portal pressure increased slightly; otherwise the portal and hepatic venous pressure remained constant during the clamping, and trans-hepatic and mesenteric resistance showed no significant change.
It is concluded that interruption of the hepatic arterial blood flow is initially compensated only by an increase of the portal-hepatic venous oxygen difference, and this seems to be sufficient to maintain normal liver function.
